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Abstract 

Throe approaches are prosonlcd for packaging Uie 
alcmenis of a 30 cm ion thruster subsystom Into a modu- 
lar thrust aubaj^stonn The Individual modules, when 
Integrated Into a conceptual solar clcctile propulsion * 
module aro applicable to a inultimlssion sot of inters 
planebiry flights with Uie Space Shuttlo/Interlm Upper 
Stage as the launch vehicle. The emphasis is on the 
structural and thermal integratlon of the components into 
the modular Ui rust subs^'stems. Thermal control for tip 
power processing units is cllhor by direct radiation 
through louvers In combination wiUi heat pipes or an all 
heat pipe system. Tlic propellant storage and feed sys- 
tem and tliruster gimbal system concepts aro presented. 
The three approaches are compared on live basis of mass, 
cost, testing, interfaces, simplicity, reliability, and 
maintainability. 

Introduction 

During the Advanced Systems Technology program 
conducted by NASA up to 1974:, spacocraft system design 
studios were undertaken which in part focused on 
the integration of a solar electric propulsion (SBI?) sys- 
toin into intoi'planoUiry spacecraft. The spacecraft de- 
sign phllosopljy adopted by the Jet Propulsion Laliqratory 
was to physically separate imd house the SEP systems In 
a SEP module and the spacecraft cngiiieering and support 
systems In a mission module. The elements of the 
thrust subsystem (30 cm ion thrusters, thruster gimbal 
system, power prop os sing units, and propellant storage 
and distribution) wore individually bitcgrated into a SEP 
module. 

A continuing task at th e Lewi s Researcti Center has 
been to define t)m critical technology eldmGnts of the 


thrust subsystem interfaces and evaluate tlielr a olutibii. 
As part of tills task, studies of various approaches to 



grating them into a SEP module have boon performed. 
In addition to defining tlie interface for the tliriist sub^^ 
system, those studies have provided baseline Infornia- 


developed that would oiivolop a muliimisslon set. Be- 
cause essentially identical modules could be used for 
several on- going missions^ only a flight accepUmeo tost 
progi’am would need lo be performed on die modules to 
be used fur each mission. It would Ihereforo be possible 
lo use the fUght spares of one mission as the fUglit units 
of the following mission thus 

savings. Reliability of th(i follow oji misslo^is would I>e 
gi’eatly enhanced since virtually identical Uardwari^ would 
be used. 

In. this paper, a comparative description of three 
approaches to a modular thrust subsystem is given, In- 
cluding the Thrust Subsystem Module presented in Ref. 4. 
Also, some aspects of the Integration of the approaches 
into a conceptual SEP module are defined. Descriptions 
of Uie thruster and the power processor are widely avail- 
able In the literature. In tills paper, subsystem descrip- 
tions are presented only for tlie thruster gimbal system 
and propellant storage and: distribution system concepts. 
Finally, the benefits of the modular thrust subsystem 
concept are reviewed and tlie three approaches to Uie 
module are compared on the basis of mass, cost, testing, 
interfaces with the spacecraft, simplicity, maintainabil- 
ity, and reliability. 

SEP Module Desj gns 

Functional and Configuration Requirements 

The SEP module has Uie primary functions of gener- 
ating and distributing photovoltaic power to the power 
processing units, couvorting Uie power into a directed 
thrust, providing control tbrtiues witli ion thrusters about 
the Uirco principal axes of the spacecraft, and storing 
and distributing mo rcury propellant to the 30 cm ion 
thrusters. For current missions under consideration, 
a toUd of six.or eiglit thrusters and powet: processors is 
required. Figure 1(a) shows schcmatlcaliy a side-view 
of a six thr us te r SEP module using the J^PL assembly 
approach. The Uirusters are arranged In pairs lo form 
a 2- by 3-malTix of when viewed from UiO bot-r 

tom of the SEP modulo. Orie of the attractive fcaiures 
of Oie S- by n-Uirustor configuration discussed in Ref. 3 
was that the number of Uirusters in the assembly may be 


tion lor systems and mission analyses. 


The concept of packaging the elements of Uie thrust 
subsystem in modules and in turn packaging Uie modules 
Into a SEP module was first presented by Sharp* The 
use of a modular Uirust subsystem in an on- going series 
of SEP spacecraft would accrue many benefits. A quall- 
fication test program for the Uirust modules could be 


Increased or deoreased without chan^hg the basic design 
concept of the SEP module; HoWever, to accommodate 
th e change in Uie number of thrusters and poiyer propos- 
sors, changes arc required in the lengths of the Uirust 
assenibly, power ass embly^ and SE PM adapter structure. 
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Figure 1(b) Bhows Uic modular approach to tlio SKP mod- 
ulo which Intograles the Uirust Bubsyntom components In 
the vortical direction and retabis the basic conrigurallqn 
concept of tho JPL approaclu The feature of the 

SK P modulo is enhanced by using Uie modular thrust 
subsystem approach, bocu use to Increase to an eight 
thruster configuration, only tJie design of Uie Interface 
truss Is affected and not Uio Individual modular iiirusfc 
subsystems. 

Figure 2 shows the elements of the SEP module dis- 
cussed herein; The solar array system has a beginning 
of life power requli'cmcnt, depending upon the mlsslonj ' 
of between 18 and 25 k\V, The solar array Is u fpldout 
design extended via a deployable mast and is based on 
the current teohnology tjTiified by the 25 kW SEP Solar 
Array System described In Ref, 5. The Inlorface truss 
is a structural interface between the modular thrust sub- 
syoteniB, Oie solar array system, imd the rest of the 
spacecraft. Power distribution components and a SEP 
module control inicrfucc unit arc located witiiln the 
interface truss. Because of their mission dependency, 
attitude control sensors and electronics and reaction 
control components normally considered a pai*t of the 
SEP module are not considered In this paper. 

Design Roquireinertts 

Tlie design roqmrements for the modular thrust 
subsystems and flic SEP module have been specified to 
envelop a pjanetary multimisslon set currently under 
consideration. These missions include Tempel II and 
Flora rendezvous, Saturn, Jupiter, and Mercury or- 
blters, and a 1 A, U; solar observatory. Table I lists 
the Miernial environment which bounds the requirements 
for Uie mission set. It is assumed Uiat the ion thrusters 
are quaUfiod for those environments and Umt tlie thrus- 
ters can be tiierraally Isolated from the remainder of the 
modulaxvih rust subsystem. The worst case condition for 
the power procQESpr thermal control system design is 
the 80° C solar array temperature encountered between 
0. 5 and 0; 85 A. U. for the Mercury orbiter inis sioh. At 
l A, U. the solar array temperature is 50° C with a 
solar aihray tilt angle of zero degrees , Between 1 and 
0. 85 A, U, the solar array temperature increases to 
80° G and tile array power increases, T'rom 0, 85 to 
p. 3 A, U, the solar array temperature Is held constant 
at 80° G by gradually tilting the array to an angle of 80° 
at 0 . 3 A. U, Thus, the array output power between 0, 85 
to 0, 3 A. U. is constaht. Permitting the array tempera- 
tUro io increase to Its desigii linUt of approximately 
140° by usings different array tilt program (7 4° tilt 
at 6. 3 A. 11. ) would result in on increased array output 
power level for heliqeontric distances below 0. 85 A. XJ* : 
Table II lists tile assumptions employed in the tJiormal 


control system design for Urn worst case condition of 
0.3 A. U. 

Tim launch load requlromcnls of the Shiittle/lrtorlm 
Upper Stage launch vehicle were used to determine the 
siruclurnl member sizes for the modular Unxiat Subsys- 
toms nnd Uio SEP modulo. These launch load require- 
ments wore muUiptied by an uUlmate (1. 4) and yield 
(1. 1) factor of safety to gone rale the ultimate and limit 
design loads shown 1h Table III. For the purpose of 
miuimizing ampUricnLlar 's of tlic ShutUc/lUS induced 
mechanical vibrations, a minimum allowable structural 
frequency of tlie spacecnift of 5 Hk wa^^ Imposed. 

Modular Thrust Subsystems 

The three modular thrust subsi'sto ms which have 
boon studied are compared in Fig. 3. The TSSM consists 
of one 30 cm thruster and glmbal system, a power pro- 
cessor, apropellimt storage imd distribution system and 
a modular thermal conti'ol system and support structure. 
TJie BI MOD cons I sts of t wo thrusters and gimbal sys- 
tems, two power processors, a common tliermal control 
system, and a common structure. The DIMOD concept 
employs a single remote propellant storage system. The 
HYBRID module consists Of tVvo thrusters and power 
processors, a structure imd thermal control system 
identical to the TSSM approach, but uses a remote pro- 
pellant storage system similar to the BiMOD concept. 

Dotal Is of each of the modular Ui rust subsystems 
are given in Fig. 4 . 7lie power procoHsiiig units of each 
approach and the propellant tanks of Uie TSSM are lo- 
caled near the top of the modulo so that when integrated 
with the rest of tlic spacecraft the large mass os are con- 
c entrated near the total spacecraft center of mass. Tlie 
structure for all Uircc approaches is a liglit- weight truss 
constructed of graphite reinforced plastic (GRP) tubes 
which are inserted into GRP end fittings. The Uirusler 
gimbal system concept is disoussed 111 a later section of 
the paper. Bach TSSM has an individuttl propellant stor- 
age lank while th e BIMQD and II YBRID apprdaqhcs u tIUze 
central propellant tanks. The details of tliO propeUanl, 
storage and dlstrlbiition systems for the tlirce approaches 
are discussed In a later section. 

The tliermal control systeiri for Uio TSSM and 
11 YBRID concepts consists of a combination of louvers, ^ 
a vm*iablo conducUince heat pipe system (VCHPS); a = 
radiator fin^ and multilayer Insulation. For normal 
spacecraft operation there is no solar incidence on the 
radiating face of tlie PPU. Heat that cannot bq radiated 
to space directiy Uirougli the louver system is conducted 
by heat pipes to an adjacent space facing radiator. As 
shown in Fi gs . 4(a) and (c) two heat pipes are attn ched 
to each VCHPS saddle, wlUi the second heat pipe of each 


sacldlo b< 2 iti|[]^ rcc)und(mt/ An exploded view oC Uic power 
precessor tind thermal control system for the TSSM mid 
HYBRID is iJitoWvl In 5* 

For the BIMOD approach, the two power processors 
arc mated to a commonjK^at pipe system and are interior 
to two remote single aided radiators. There are no lou- 
vers In this approncli because Uie radfaling tlunges of tlie 
power processors arc not exposed directly to space. An 
exploded view of the DIMOD thermal assembly Is shown 
In Fig, (}. For the BIMOD assembly, the higji heat dls^ 
sipation flanges of the power processor are boUed dl- 
reotly to the heat pipe ovaporator saddles. Figure G 
shows three heat pipes on each of tlie t\vo heat pipe Sad*^ 
dies. The A3 mid A4 modules of the PPU conhiin the 
large thermal dissipation componeii is of the power pro- 
cessor, with the highest heat dissipation components of 
PTU A on or near heat pipe saddle A of Fig. 6. Becaiiae 
of the invei*tcd orientation of PPU B its high thermal 'lis- 
sipation components of the A3 and A4 modules are now 
located on or near heat pipe saddle B, With tills cviantji- 
tion, the heat loads going Into each of tlie two heat pipe 
saddles are equal wheiv boUi PPUs arc opei*atlngi~ Fig- 
ure G illustrates that one heat pipe of saddle B and two 
heat pipes of saddle A are extended to the one heht pipe 
radiator. The remaining three lieut pipes ai*o capped bn 
tlie neaiv side of tlie PPU hut extend to the x’adialor on the 
far side of the modules. 

In Uie BIMOD configuration, Oie PPUs are unable to 
radiate any heat directly to space and, tlierefore, the 
total hea> load must be dissipated by the bent pipe radi- 
ators. Tills requires that the hegt pipe radiator area be 
larger tlian in the l^SM. As a design margin, tlio radi- 
ator lengths for all three approaches arc 25 percent 
larger tlian tlie required lengtli calculated when using the 
72 percent radiator efficiency sho\>m In Table il. 

SEP Modulo Conflguratioas 

The SEP module configurations employing Uie TSSM, 
BIMOD, and HYBRID approaches ore shown in Fig, 7. 

Tiic configuration chosen for illustration contains clglit 
thrusters. Tlie major elements of tlie S EP module are 
the package of modular thrust subsystems, Ihp interface 
truss between this package and the rest of Uie spacccralt, 
and tlie solar array which attaches to Uie interface truss. 
The distance between adjacent tliruster centeidines is 
0. 61 metcir. The central propellant tanl^s for the BB^IOD 
and rj'CTRID are shorn supported in tlie interface truss. 
Altlidugh not sho\vn oh these figures, several components 
are mounted witliin or on the interface laruss. These Inr 
elude a raw power distribution assembly which distrib- 
utes the raw solar array power to individual po\yel* pro- 
cessors, a preregulator assembly whl ch convei't s the 
input aiTay voltage of 200-400 volts to a reduced bus 
voltage for the spacecraft engineering systemsj and a 


control Intorfaco unit wldch is used for control of the 
thnist subsystom. 

Figure 7 shows the attach points between the TSSM, 
BIMOD, or HYBRID and the interface truss, and also 
Indicates a set of four launch udapler support points on 
the interface ti*uss. Using the TSSM configuration, Figs. 
8 and 0 show tjio end and side views of tlie stowed SEP 
module. The centerlines of the launch adaptor towor are 
Bho\m on t}ie::c figures, The launr- iidaptor, which bolts 
to the IUf>- spacecraft Intcrfaco, supports tho entire 
spneoe^t, with die excepUbn pc the solar arrays, at the 
sunpdV7 points on the Interface truss near Iho eonlor of 
mass of tJie assembled spacecraft. A spring loaded tele- 
scoping section of the solar array deploy mont Iwoms has 
been provided to avoid transferring spacecraft launch 
loads to die stow^^d solar array structure. This design 
and support approach provides a sayings in the mass of 
the structure of the SEP module and launch adaptor. 

TIiq sdparatlDn of die spacecraft from the lUS is ac- 
complished by first firing Uio separation devices at tho 
launch adapter tower support points shoum In Fig* 8. 

The four launch adapter tower segments dien pivot aboiit 
their hinged bases in floweiv petal fashion to swing clojir 
Of tile spaoecraf t. As the adapter tower swings clcai*, 
the solar array deployment booms immedi ately e.xtend 
about 2 Inches to Uielr stops, thus leaving Uie spacecraft 
attached to tlie lUS only at the solar array blanket con- 
ta-inmont box (Fig. 8). \VIiqn the separation devices at 
the solar array/lUS Interface arc fired, the spacecriift 
can bo safely separated from the lUS using small ejection 
springs at the solar array/lUS interface. 

\Vlien the spacecraft is a safe distance from the lUS, 
the solar array deployment boom lock (Fig. 8) is re- 
leased, allow! ng the s olar array booms to a win g 90° and 
latch ill the final deployed coiingurntlon. The fold out 
solar arrays can now be deployed in their normal manner 
Beccfuae tlio telescoping section solar array booms Jiave 
extended to solid stops, Uioy provide incrensed slUXnoss, 
thereby increasing Urn total solar array system aat ui*al 
frequency, 

A mass study for the modular thiatst subsystem ap- 
p:?oaoli to a SEP modulo was recently presented in Ref, ; 8. 
Tile mass comparison given in Tabic IV for ^ SEP mod- 
ule using six thrusters and an 18 kW solar array shows ^ 
that there is a. negligible mass differ crice between Uie 
T^SM, BIMOD, and HYBRID approaches. Tills same 
denoluslbn holds when comparing tlie three approaches 
to a SEP module compris ing eight thrusters wl Ui a 25 kW 
s olar array or ei git Uini sters with an 18 k\V solar array. 



Tile fuiictioiml rcqiiltij mortis oE Uic Uimattir g;lmbrtl 
system lov tile modular thrust subsystems are to direct 
the individual Umist voclors in two axes such that throe 
axis uUitudo control and spacecraft fooricntatlon control 
is provided by Iho Ion thrusters, and to provide a mount- 
ing base and Intcrfaca between the tluaistor and Ui rust 
subsystem truss. The travel angle and slew rale ro- 
qulromonts for the two axis gimbal system are currently 
Under review for the SEP pliinctary mission opportunitlcB 
behig considered, Figure 10 defines the gimbal angles 
o and /I which arc rotations about axes nominally par- 
allel to two of the spacecraft principal axes, a’he iravol 
angle in each axis is the sum of the angle to direct the 
thrust vector througli tho spacecraft center of mass and 
tho additional anglo required for thrust vector control, 

By arbitrarily adding a 5® angle Cor UvrUst vector con- 
trol to the approximate angles for pointing the outboard 
th ruster of an ci gilt tiirustcr SE p modulb Uirougi j tire 
center of mass, the gimbal migle requtrcmonls nssuinccl 
arc a total angle in the a direction of 70^ imd a total 
angle iiv tlie p direction of 30?i. 


Figure 11 siiows the conceptual gimbal system inter- 
facing wlUi U)o 30 cm thruster, llie two linear actuators 
and a cross pin hinge or gimbal pivot provide the thrus- 
ter gimbal directions In two mutually orthogonal axes. 
These components are mounted on a thruster mounting 
bracket which is attached to tho mounting pads on the 
sides of the tiirustcr and to standoffs at two of the four 
ground screen mounts on the back of tlie thruster, 'Hio 
two jades crew type actuators arc driven by a stoppor- 
motoi'-gcarlicad assembly. The actuators have a uni- 
versal jo int at boili ends for compliance, A guide pin 
that is attached to the Uiruster moimtlng frjimb rides in 
tlie Blot of a support bracket that is mountc d to the lower 
truss of Uie module. Ono of the advantages of this sys- 
tem Is Umt tho arrangement of the actuators, cross pin 
hinge iuid guide* pm provides stiffness in all directions 
tlms eliminating Uie need for pin puller restraint during 
launch. The s tatic ojid dynaiiuc launch loads are car tied 
in the x direction by the two actuators and tho cross pin 
hinge, in tlie y direction by Uid tlirust washers in Uie 
cross pin luiige j ajid in the z direction by the cross pin 
hlngo and tlie support bracket. The angle Indicator sys^ 
tern consists p£ two resolvers that are attached to tlie 
cross piiis of the hmge and provide direct readout of the 
Of and p gimbal angles. The flcxlblo propellant feed 
lino is a cblled spring tube. 


A good thermal desigit is provided by die llnoar ac- 
tuator gimbal system because the actuators are placed 
behind tlie thrusters, A thermal barrier could be placed 
between the Uirusters and the lower truss of each module 


and Uto ruby Uio gimbal actuators would be locutod wlUdn 
iho controlled Ihorinal environment, 

*rhe gimbal system concept is a derivative of the 
8 cm ion thruetsr gimbal system designed, fabrlcalod, 
and tested at the Lewis noseai‘oh Contcr. 


Propellant Stpmgo and Blstrl button System 


Tho functional requirements of the propellant storage 
.and food system arc to store Urn inquired mercury pro- 
pellant Tor UiOliroUme of llic miBSloii, to Isolalo Uio pro- 
pollont from Uic thruster during launch so Umt Uie dy- 
namic environment does not have a detrimental effect on 
tho oixjratlon of the thruster, and to supply the propellant 
to the UiTusler within a pressure range that satisries Uio 
require monts of iho Uimsior vaporizers , 


As mentiOrtied previously, the T5SM approach con- 
tains a eomplotc propellant storage and distribution sys- 
tom wUhhi each i Module, as compared to Uie BB^IOD and 
IiyBIUD approaches which employ central propellmit 
tanks in Uic interface truss section of Ui 6 SEP module. 
The Bcliematic of the propellant stoi’uge luid distribution 
system ebnoept for a TSSm is shown in Fig. 12 , Th e 
Iced lines are 0, 10 contimclyi* In dlomotcr. Field JolntB 
are placed In Uio system to moled the assenibly/dis- 
Assembly of the system more convcnlont, The latching 
valve serves Uic purpose of Isolating tho mercury pro- 
pellant from the thruster vaporizer during the lairnch en- 
vironment. The mercury propellant and nitrogen gas fill 
valvos of Uio system are bi-ought to Uio outside wall of 
the TSSM to provide for convenient filling of tho system 
after assembly of tho modulo into the spacecraft, A sys- 
tem of oxtemul valvos and Unos aTU be iieccsaary to fHl 
and drain Uio system, This hardwarc is envisioned as 
ground support equipment which Will Intorface with Um 
exposed propdllant and gas fill values of the TSSM 
system. • 


Figure 1.1 shows UiG schematic for the system con- 
cept applicable to the BTlViOp or HYBRID Ihinist subsys- 
iqms. For UUs approach, a central propellant hmk In 
the interface truss stores the propellant for all of the 
modules, AUhougii only one tank is shown In the sche- 
matic, trade s tudios niay show the desirability of two 
tanlcs for some missions, Propellaiit lines from the tank 
teed u propoUxuit manifold which is also contained in Uiq 
intorface truss. The distribution system intexTace be^ 
tween the interface truss and the modular Uiriist subsys- 
tems nr e tile field j oints be tween tiio man ifold and the 
two propellant feed lines for each module. For Uiis ap- 
proach, tlie fill valves Tor UiQ single tank ai*e brought to . 
the exteiipiv wall of Uie intorface truss. 


Cons Iderallon must be given to the redundancy of 
boUi systems. If a Un^sfcr in a TSSM fails, and Uie 
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propoUant toudfnj; docs not contain sonic contlngonoy, 
thoro would bo Insufflclont propellant In tho remaining 
TSSMs to comploto the miss ion, Tho possibility ofiiw 
creasing tlie system rollablUty by placement of an Intor- 
oonnc>.tlng valve network between tanks is being Htudled» 

A storage tank using a nitrogen gus expulsion tecli- 
nlque to supply propeUaiit to Uie Ihi’uster Ims been ^o- 
leclcd for all approaches, Tho mercury px*opellant vol- 
ume of the storage tanks is determined by tlic nomlnai 
propellant loading for the mission, contingency for launch 
window and thruster utilization, mid the pi*opcllant utili- 
zation of the tanks, lines, and components of tlio systoih* 
The gus volume is determined from llie operating clmrac- 
terlstlcs of the thruster vaporizers. The nmxlmmn op- 
erating pressure is that whicli will cause the mercury to 
intrude the poi*ous plug of tlic thruster vaporizer and re- 
sult In tho vaporizer not funulloning. Based pii past test- 
ing, the Intrusion pressure is alxjul 52 N/cm^, Add- 
ing a safely factor for uncertainties such as the pore size 
of the plug, weld Cracks, and acceloraltons the maximum 
operating pressure Staleclcd is 3i N/cm^, The minimum 
dperating pressure is doterniinecl from tjie partial pres- 
sure of the mercury at im operating temperature of the 
vaporizer; If tho pressure is too low, die liquid/ vapor 
interfaco could move away from the vaporizer and vapor- 
izer control would be lost. The minimum operating 
pressure selcoicd is 10 N/cm^, Those pressure limits 
correspond to a blowdown range of 3i I, 

Til o storage tank design selected Is sbowai In Fig, 

44 (a) . The ianic design Is a derivative of ilio approach 
employed for Utc SERT II spaceci’aft, An elastomeric 
bladder separates the mercury propellant volume front 
the pressurized nitrogen gas volume, Tlie tanlt contains 
an InternaL liner which supports the bladder during the 
launch environment and thus minimizing slosh effects. 

The liner holes permit the pressuri zed gas to pass 
througjli the liner and move die bladder, A storage tank 
of the same outside dimensions can be employed for 
some missions which do not require the full sphere of 
mercury propolbmti However, the shape of the bladder 
support liner Is modified as showm in Fig. 14(b), so that 
only the volume of required inercury is supported by tlie 
liner. This oonedpt minimizes Slosh effects during the 
launch environment. 

The utilization of the propellant in die slora go and 
feed systems described is approximately 9 8 pGreeni. 

Some of the mercury is trapped by die ribs of the bladder 
which are designed to prevent the bladder from blocking 
tile exit orifiee of die bmk. For the sbe missions under 
consideration, four of the missions can be accomplished 
^vith a propellant loading of 732 kg and die remaining two 
can be accomplished with a propellant Ipaciing of 1500 kg; 
Table V lists the required tank inner sphere diameter 
for die tvyo propellant capacities when usmg: individual ; 


tanlcs in Uie "i’SSM or one central tank in the BIMOD or 
UYDRID approach. 


Dosigii/Dovolopmoni Comparison of 



The TSSM, BIMOD, and liyBUID approaches to the 
SEP module have been compared using a number of erf- 
lerla. The BIMOD approach has a sllglil advantage over 
die other two approaches because It 

(1) Has a sUghlly lower recurring cost, 

(2) Requires a loss complex life lest In a Uiormal 
vacuum envirpmnont. 

(3) Is marginally onsior to maintain. 

(4) Results in a loss severe vibration and acoustic 
TQsponso of die power procassors. 

(5) Does not require the strict mechanical tolerances 
attendant with louvor inteiTaoos, 

(G) Offers greater configuration ficxlblUtyv 

As shown in Table d, the differences in the mass ainong 
Iho three approaches la v/idiln the accuracy of the mass 
study. Comparing die reliability of die approaches on a 
subjective basis indicates Uiat they are very similar. 


Cost "V 

^ T^ hardware costs of the three modular 

concepts for the modular approach to die SEP modulo are 
given in Table VI. It was esti mated tliat tlio BIMOD 
would be about 10 percent loss expensive than either die 
HYBRID or two TSSMs. Most of this difference Is caused 
by differences in die tJiormal control systems. The 
BIMOD does not us e louvers and employs 2 6 percent 
fewer heat pipe systems when compared to two TSSMs or 
a-HYBRID. .;■■■■■ 


Tliermal Testing 


There arc some major testing differences between 
the TSSM, BIMOD/ and HYBRID approaches. Two cate- 
gories of tliermal testing arc envisioned as part of die 
development of any of the modular Ui rust subsystems. 

The first type of test would bo a thermal vacuum life tost 
of die pp we r processor s In die thermal configuration of 
the module, and tho second type would be the flight quali- 
fication tGSfcprogram of die individual modular thrust 
sUbsystcnis * Conslderati on should not only bo given to 
the lost complexity Inherent in each modular approach, 
but also lb me fndUty opetiitionai costs. 

> For the diermal vacuum life testing, auxiliary cool- 
ing loops con be used in Uie heat pipe saddles for all 
three approaches; Ratlier thim using auxiliary cooling 


toop^, thd CU^t nuuUncatlon tent pro|^m might alBo 
tpst tho heat pipo syaloms In lha ffi’avlty TJie lodi- 

nlques required for iesUn^ n slmUar sy Horn for Uie 
Coinmunl cation B Technology SntclUto hi ivo been demon- 
straled at Lewie Uosearch Center, 

One of the dealgn requirements of the modular thrust 
subsyetom which may greatly simplify the Uiernihl imaly- 
sl8 ttiid tho qualincntlon level testing Is whoUior Uie radi- 
ating surface of the module is subjected to a solar Inci- 
dence angle during any particular mission. Those situa- 
tions \rauld need to be individually tuialyzcd for botlrtlie 
TSSM and HYDUID approaches. This is because tho 
thermal absorptanco of the louver set varies depending 
on both tile incldonoe (or cone) angle {uid Uie a«imuUr(or 
clock) angle of the sun with respect to louvers. For the 
DIMOD approach, the solar absorptmico onhe heat pipe 
radiator is dopcmiont only on the Incidence angle and not 
the azimuth imgle, thus gi’oatly simplifying the thermal 
analysis, 

Mochanteal Interfaces 

Tho TSSM and HYBRID eacii have louver interfaces. 
The surfaces at Uicse intorruces must be kept very flat 
in order to avoid binding the louvers, A tlgliter surface 
natives 6 r equl rornent would tend to make PPUs used in 
the HYBRID or TSSM costlier than for tlic BTMOD, 

Vibration Hesponfic 

;riie HYBRID or TSSM and Uie 13IMOD employ slmi- 
lar graphite truss construcUpii and tho ion thrusters are 
supported in a s Imllar manner for all Uv ted approaches. 
SlnUlarities also exist regarding tho use of multilayer 
insulation for Uiormal control. It would lie safe to as- 
sume that the vibration responses of tlicso similar areas 
of tho modular concepts would be about equal, Tlve pri- 
mary design differences between tlve HYBRID or TSSM 
and UiO BIM OD are in how tlve PPUs are integrated into 
tlve structure. The PPU* s for Uie HYBRID or 'J'SSM are 
mounted singly to a hpat pipe system as shown in Figs. 
*l(a) and (c) . For the BIMOD Uie PPU» s are mounted 
bacic to back to a common heat pipe system (Fig; 4(b)); 
Thus, for the BIMOD^ Uio two PPU basoplates and live 
common heat pipe system combine toiorm a very stiff 
Intomiilly reinforced structimc. Since the PPU struc- 
ture for the BIMOD is suffer and since tivo PplP s i\\ the 
BHVIOD arc relati vely isolated fro m direct acoustic ex- 
citation as compared to the TSSM or HYBRID, the PPIJPs 
in the BiMOD should have a less severe vibration and 
acoustic response to Uie launch environment, 

Maintainability 

Exploded viows of boUv the TSSM and Uie BUtOD are 
shown lii Figs , 5 and G, rdspectlvely, A tjplcal moin- 


lenancQ opemtlon migivt bo Uve replacement of one of Uie 
circuit modules of Uve PPU, To do this on Uve TSSM It 
would be neccf'sary to remove the louvers, Uio propellant 
tanlc and Us support strvicluro, Uic Uirustor support 
stiavcturc and Uio PPU frame, Tlve circuit module and Us 
back plate could then be electrically disconnected and un- 
bolted from Uio heat pipe saddles and louver supports 
structure and replaced, I'hls procedure would be re- 
versed for roassombly, 'rive procedure for Uio HYBRIi) 
would be similar with the exception of propeUani tank 
removal since a central propellimt tank Is used, 

For the BIMQD, the procedure for replacing a PI^U 
circuit module in the PPU mounted nearest to the Uirus- 
tors would be different Umn for the PPU mounted furUieet 
from tJie Umistors, For the l^PU mounted nearest to tho 
thxaistors, Uve thruster support structure and PPU outer 
frame would need to bo removed before tho circuit mod- 
ule and Its back plate could be electrically disconnected 
and unbolted. Only Uie PPU outer frame would need to 
bd removed from the PPU furlhost from Uio thrusters In 
order to soiwicc a PPU modulo, 

TivuB, for one PPU only, tlio BIMOD should be sim- 
pler to service. 


'Die mechanical integration of tlio modular thrust 
subsystems witli tlve Interface truss of a. SEP module has 
been discussed herein. One of the remaining unlmowns 
is Uve required inteiTaee beUveon Uie truss ajid Uie pay- 
load, On the basis of total spacecraft configuration, Uve 
central propellant tank approaches of Uie BIMOD Jind 
HYBRID appear to offer more ncxiblUfy in arriving at a 
Avell balanecd Spacecraft, After defining tlio payload 
mass and volume, tho overall dlmeiiBlqn of the IntciTuco 
truss may not satisfy Uie requirements of the uSer. An 
alternate approach to a standard interface truss is to 
standardize on con tral propellant tank sizes and the r o- 
molning components wlUilii Uve interface truss* The 
truss structure could then be made mission dependent, 

If necessary, and still retain tlio basic design features of 
serving to integrate Uie modular thrust subsystems Into 
ihe SEP rao dulo luid to provide support points for a laun cli 
adapter tower. 


Tlic Uirec approachos to the modular thrust subsys- 
tems described herein represent viable options to the 
design and doVelopmonl of a SE P module. Each approach 
has sail atled a set of require ments Tor a number of rep- 
resentative planetary missions. The number of Uvnisters 
rcqutrbd on a given mission may be changed from six to 

eigiit without affecting Uie design of the individual mod- 
ules. Only Uie intorface truss between the .modular 


Qonfigural ion Flexibility 


Concluding Remarks and Recommendation s 


thruHt subsystems and thd payload need be changed to 
accommodate Um gi*o\vth of Iho SEP module. And, the 
concept of a standai'd modular Uirust HubByslem is con- 
sistent with the concept of a standard SEP module for a 
number of missions and tlic attcndaid objective of mini- 
mum development cost. 

The design study has concentrated on defining til 0 
mochanical/lhormal Interfacas of llie power pi*ocesSor 
mid tlu’Ustor, TJie succcssrul flight perfornumco of the 
heat pipe system on Cl'S has again dumonsiralcd that 
this technologj' is I'eady for application to a SEP modulo, 
WlUi Uie use of a heat pipe/ louvers or an all heat pipe 
thermal system, llio mass penalty for the mUlUmission 
thermal design Is small, beoause only the radiator 
Icngtii, heal pipe lengUi, and the size of a Uglitweight 
shmoturo are affected, l<or this reason and because of 
the basic structural design approach, It is believed Uiat 
a comparison would indicate timt tlie modular approach 
is compeUtlve in terms of muss WlUi the assembly or 
Individual integration approach. Continued interface 
definition is required for the elements of the propellant 
storage and distribution systern imd Uie thriister gimbtil 
system. Finally, tlm BIMOD Is the recommended choice 
for furUier design mid development as the modular tlirust 
subsystem, 
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TABLE !, -PPU THERMAL 
DESIGN REQUIREMENTS 



Morcuiy 

orbitor 

i A. u. 

Jupiter 

orblicr 

Distance from Still, A. U, 

0,3 

.:l 

■ 5 

S olax* ai*ray te mpera- 

80 

50 

-140 

turo, 




PPU UiermuL dissipa- 

277 

277 

324 

tion, W (measured 




at fuU power) 




PPU efficiency, percent 

31,: 1 

01.1 

89,7 


table II. - PPU THERMAL CONTROL 
SYSTEM ASSUMPTIONS 


Solar array temperature, 

80 

Radiator temperature, 

50 

PPU baseplato femperaturo, ^C 

51 

Solar array om I ttmiqe 

0 , so 

Louver onilttance - fully open 

0.05 

(whoro applicable) 


Radiator emittance 

0.8$ 

Radiator efflcloncy, percent 

0,72 

Radiator view factor to space 

0,83 

Rad in tor view factor to so lar an-ay 

0,17 

Louver view factor to space 

b, 83 

(where applicable) 


Louver view factor to solar army 

0. 17 

(where applicable) 



^ Assumes a tilt angle of 80^ at 0, 3 A, U. 










TABLE V, - PROPELLANT TANK SIZE REQUIREMENTS 


Pi’opallant 

AppUoablQ 

Inner ttink Spliorc diametox\ cm 

inass^ 

missions 

TSSM 

BIMOD, HYBRID 

732 

Tempel II rond* 
Flora rend. 
Saturn orbiter 
Jupiter orbitor 

25.7 

(G module) 

‘10,7 

1500 

1 , , 

Mercux-y orbiter 
Out- of- ecliptic 

29.7 

(8 module) 

59 . 4 


TABLE Vr. - SEP MODULE SYSTEM RELATIVE 
RECURRING hardware COST COMPARISON 


Module type 


System 

TSSMX2 

HYBRID 

BIMOD 

Thx’uster 

0,141 

0, 141 

Gimbal system 

,018 

.018 

Propellant system 

.019 

-;009 

, PPU^ ; J 

.615 

.615 

LouveT systems 

.039 

:'o - 

Heat xDipe systems 


.'0-79 

PPU Erame structure 

.021 

,014 

Trtis# stimcto " 

.042 

.025 

Total 

1,00 

0. 901 


Total 
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Figure 1. - Comparison of component integration approaches to a SEP module. 





Figure Z - Definition of SEP module. 







SPACECRAFT 


PROPELLANT TANK 


/r POWER 


rOCK 




(A^ROCESSORSt 


POWER 


PROCESSOR- 

^"|THERI«Ai^ 

CONTROL 



- 

STRUCTURE 


u 


i- 



.A, 


THRUSIER 



THERMAL 


CONTROL 

JL 

V. 


8 

THRUSTER 


\ / 
i - 


, ^ 

^ IHRUSTER-' CIMBAL i-jHRUSTER-' -THRUSTER-* 

I 


LAUNCH VEHICLE 
La) TSSM (TWO SHOWN). 


ID) BIMOD. 


ic) HYBRID. 


Figure 3L - Comparison of modular thrust subsystems. 
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Figure 4<b) Isometric view of BIMOD, 
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Figure 7la). - Conceptual propulsion module using TSSMS. 7(b). - Conceptual propulsion module using BIMODS. 


SOLAR ARRAY DRIVE / 

AMD ORIENTATION / INTERFACE TRUSS 

MECHANISM -1 I / 


• J 
I 



to 


Os: 

O 

O- 

Q. 

ID 

to 


Q. 

UJ 

CO 

■S 

cn 

S 


to 

to 


$ 

*> 

C 


oo 

o> 


13 

cn 






r INTERFACE TRUSS 
' ^SOLAR ARRAY 

LAUNCH ADAPTER / DEPLOYMENT BOOM 



Figure 9. - Side view of TSSM based SEP module. 
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Figure ll. - Gimbal system /thruster interface; BIMOD configuration. 








Figure 12. - TSSM Feed system schematic. 
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Figure 14. - Propellant storage tank concept 
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